Purpose: This pilot study investigated whether a ten-week running programme (10wkRP), which reduced the oxygen cost of running, affected resultant ground reaction force (GRF), leg axis alignment, joint moment characteristics and gear ratios.
Introduction 1
Lowering the oxygen cost of running has been associated with improved running 2 performance (Conley and Krahenbuhl, 1980) . It is well known that generating muscular force 3 requires energy, and therefore incurs an oxygen cost (Kram and Taylor, 1990; Taylor, 4 Heglund, McMahon and Looney, 1980) . Thus, alterations to lower limb running mechanics 5 that affect muscular force-generating requirements are likely to influence the oxygen cost of 6 running and running performance. Several running characteristics identified can be described as unmodifiable, such as muscle 12 moment arms (Scholz et al., 2008) . Some are modifiable and therefore can be changed, such 13 as kinetics (Moore et al., 2012) , and others are an interaction of both, such as 'gear ratios' 14 (Carrier, Heglund and Earls, 1994) . Minimising the muscular force needed during running by 15 altering the mechanical characteristics of running, that are either modifiable or an interaction 16 of modifiable and unmodifiable characteristics, to lower the oxygen cost of running is known 17 as self-optimisation (Moore et al., 2012; Moore et al., 2014; Williams and Cavanagh, 1987) . 18
19
A high oxygen cost of running has been associated with the following kinetic parameters; a 20 high medio-lateral force (Williams and Cavanagh, 1987) , high total and net vertical impulse 21 (Heise and Martin, 2001 ), high vertical impact peak force (Williams and Cavanagh, 1987) , 22 high anterior-posterior braking force (Kyrolainen, Belli and Komi, 2001) , and low anterior-23 posterior propulsive force (Moore et al., 2012 ). Yet many have reported no associations 24 between individual ground reaction force (GRF) components and the oxygen cost of running 25 (Heise and Martin, 2001; Nummela, Keranen and Mikkelsson, 2007) . Researchers have 26 argued that considering the GRF as separate, independent components is not realistic to how 27 runners are likely to operate. Supporting this argument, Storen and colleagues (2011) found a 28 significant relationship between the sum of peak vertical and anterior-posterior forces and the 29 oxygen cost of running, but no such relationship was evident when considering the peak 30 forces separately. Furthermore, it is metabolically expensive to generate horizontal force 31 (Chang and Kram, 1999) , even though it is not acting against gravity (Chang, Huang, 32 Hamerski and Kram, 2000) . This led Chang and colleagues (2000) to propose that horizontal 33 forces are modified in proportion to changes in vertical force in an attempt to maintain the 34 alignment of the resultant GRF with the long axis of the leg. Such alignment is postulated to 35 have important mechanical and metabolic consequences (Alexander, 1991; Chang et al., 36 2000) . 37
38
Mathematical modelling of the lower limb during running has demonstrated that aligning the 39 resultant GRF with the leg axis would shorten external GRF moment arms and reduce joint 40 moments (Alexander, 1991) . This would lower the oxygen cost of locomotion, as the 41 muscular force needed to counteract such moments would also be reduced (Alexander, 1991; 42 Chang et al., 2000) . Modifying the external GRF moment arms through greater alignment 43 will affect the ratio of external GRF moment arms to internal muscle-tendon unit moment 44 arms. This is known as the 'gear ratio ' 
Gait analysis 104
A three-dimensional gait assessment of the left leg was performed using an eight camera 105 motion capture system (Vicon Peak, 120 Hz, automatic, opto-electronic system; Peak 106
Performance Technologies, Inc., Englewood, CO). Synchronised force plate data (AMTI, 960 107
Hz, Advanced Mechanical Technology, Inc., Massachussetts) were also recorded during the 108 gait assessment. The force plate, situated in the centre of the eight cameras, was located half-109 way down a 12 m run-way and sat flush with the floor. All raw kinematic data were 110 smoothed with a fifth order quintic spline filter within the Vicon system. Smoothed 111 coordinates and raw GRF data were exported to MATLAB for further processing. Three-dimensional joint moments were calculated using an inverse dynamics approach. 132
Subject specific segmental parameters were derived using regression equations, which take 133 into account the height and mass of each participant (Shan and Bohn, 2003) . Segmental 134 density data were taken from cadavers (Dempster, 1955) . A Butterworth, 4 th order, recursive 135 filter (cut-off frequency, 20 Hz) was used to process the raw GRF data before it was used 136 within the joint moments calculation. The centre of pressure and free torque were taken from 137 the force plate data. To calculate the ankle joint centre the ankle width was measured using 138 callipers and the relative position was determined using the lateral malleolus marker during 139 dynamic trials. The knee joint centre was computed as the mid-point between the lateral and 140 medial knee markers. All parameters used for the inverse dynamics calculation were 141 transformed from the global coordinate system to the local coordinate system (LCS) of each 142 segment (Hof, 1992) . For the external ankle joint moments the origin of the LCS was set as 143 the foot centre of mass, whereas for external knee joint moments the LCS origin was set as 144 the shank centre of mass. The orientation of the foot LCS axes were as follows: vertical (z) 145 axis was the vector from the inferior to superior calcaneus; medial-lateral (x) axis was the 146 cross product of the foot z axis and vector from inferior calcaneus to third metatarsal and; 147 anterior-posterior (y) axis was the cross product of the foot z and foot x axes. The orientation 148 of the shank LCS axes were as follows: vertical (z) axis was the vector from mid ankle to mid 149 knee; medial-lateral (x) axis was the vector between medial and lateral condyles and;
anterior-posterior (y) axis was the cross product of the shank z and shank x axes. Joint 151 moments (M joint ) were calculated using the equations defined by Hof (1992) 
Results

221
There was an 8% decrease in the oxygen cost of running from pre-10wkRP to post-10wkRP 222 (224  24 vs. 205  27 mL . kg -1. km -1 respectively) (p = 0.029). Additionally, there was a 223 decrease in the alignment angle between the leg axis and the resultant GRF during peak 224 propulsive force post-10wkRP compared to pre-10wkRP (p = 0.008) ( Table 1) . This was 225 predominantly due to an increase in the resultant GRF angle during propulsion (p = 0.008), 226 which led to runners applying their resultant GRF 65% flatter (more horizontal). There was a 227 small, but non-significant (p = 0.201), increase in the leg axis angle at peak braking force, 228 resulting in a near perfect alignment angle (Table 1) . 229 230 At the time of peak braking, external ankle moment arms shortened by 24% and resultant 231 knee extensor moment decreased by 23% post-10wkRP compared to pre-10wkRP (Table 2) . 232
Furthermore, post-10wkRP there was an 11% shorter net moment arm at the time of peak 233 propulsion than pre-10wkRP. However, there were no significant changes in external ankle 234 and knee moment arms at the time of peak propulsion. Compared to pre to post-10wkRP, This pilot study examined whether changes in running economy were associated with 247 changes in alignment of the resultant GRF and leg axis and consequent changes in joint 248 moment characteristics after a 10wkRP. In support of our first and third hypotheses, runners 249 were more economical post-10wkRP and the leg axis and resultant GRF were more aligned. 250
Specifically, results showed that larger decreases in V̇O 2 were associated with greater 251 improvements in alignment of the resultant GRF and leg axis during propulsion. This was 252 primarily due to runners applying their resultant GRF more horizontally. 253 The runners decreased their external knee extensor moment and external ankle moment arm 265 when exerting their peak braking force. As there were no changes in external knee moment 266 arm during braking, the lower knee extensor moment represents a reduction in force 267 production, possibly by the dominant knee extensor muscles the quadriceps. Minimising 268 muscular activity has been mathematically modelled as being able to produce representative 269 lower limb joint moments (Gopalakrishnan, Modenese and Phillips, 2014) and a control 270 strategy for economical running (Miller, Umberger, Hamill and Caldwell, 2012) . 271
Additionally, low thigh coactivation is associated with a lower oxygen cost of running 272 (Moore, Jones and Dixon, 2013) . Therefore, it is likely that the reduced external knee 273 moments were accompanied by lower muscular activation and force production, which could 274 facilitate a lower oxygen cost of running (Kram and Taylor, 1990; Taylor et al., 1980) . 275
However, the changes in external knee extensor moment were not directly related to the 276 changes in oxygen cost. Further work incorporating muscle activity measures, in addition to 277 joint moment characteristics, could provide greater understanding. The unchanged external ankle moment arm post-10wkRP at peak propulsion, when the 295 external moment arm is longest, means a high gear ratio was maintained during late stance. It 296 has been suggested that a high gear ratio at this time is optimal for forward propulsion 297 (Baxter et al., 2012; Lee and Piazza, 2009) as it allows the triceps surae muscle-tendon unit to 298 shorten more slowly and maintain force production (Carrier et al., 1994) . However this does 299 contradict our second hypothesis, as greater alignment at peak propulsion was not 300 accompanied with individual changes in external moment arms, even though there was a 301 decrease in the net moment arm length at this time. It is possible that the small changes in 302 individual external moment arms were harder to detect due to measurement error and the 303 sample size of this pilot study, but the summation of moment arms was able to identify the 304 differences. The subsequent change in net moment arm suggests there was a tendency for the 305 resultant GRF vector to move closer to the lower limb joint centres, whilst high gear ratios 306 were maintained. However, further investigations are required to examine the relationship 307 between alignment and external moment arms in more detail. Additionally, quantifying the 308 standard error of measurement for external moment arms is advised. 309
310
The generation of horizontal force during running incurs a high oxygen cost (Chang and 311 Kram, 1999 ). Yet, the braking and acceleration behaviour of the runners was similar pre-and 312 post-10wkRP, as shown by the anterior-posterior impulses. Additionally, the magnitude of 313 the impulses was also slightly lower than previous reports, probably due to a slower running 314 In conclusion, as runners became more economical they exhibited a more aligned resultant 340 GRF vector and leg axis at the time of peak propulsion. This is believed to be a self-341 optimisation strategy that minimises the oxygen cost of lower limb muscular force-generation 342 during steady-state running and thus has the potential to improve running performance. Therefore, extrapolating these results to trained runners is difficult, although it is expected 356 that all runners do aim to minimise muscular forces and lower their oxygen cost of running. 357
Further investigations using trained runners are warranted to identify whether the most 358 economical trained runners also align their resultant GRF and leg axis. Additionally, as it is 359 likely that acute changes to running technique will increase the oxygen cost of running and 360 decrease performance, examining whether such an alignment can be taught to trained runners 361 over several weeks warrants investigation. 362 
